Coherent Beam Combining (CBC) technology holds the promise of enabling laser systems with very high power and near-ideal beam quality. In this work we propose and demonstrate a novel CBC servo system using optical phase lock loops for phase control. This servo system is based on entirely electronic components and, consequently, can be considerably more compact and less expensive compared to servo systems made of optical phase/frequency shifters. In the proof-of-concept experiments we have combined two 100mW 1064nm commercial semiconductor lasers with the filled-aperture approach at an efficiency of 94% and also two 50mW 1538nm commercial semiconductor lasers using the tiled-aperture approach with a strehl ratio of 0.9. In addition, we also present a theoretical consideration of the influence of various sources of noise on the combining efficiency of a cascaded filled-aperture CBC system.
INTRODUCTION
Lasers with high average power and high beam quality have a large potential in industrial applications and scientific research, and have been sought after since the invention of the laser. Recently, fiber lasers/amplifiers have been attracting a good deal of attention due to their high output power, efficiency and near diffraction-limited beam quality [See www.ipgphotonics.com]. Further increase of the power available from a single-mode fiber will be ultimately limited by nonlinear effects and material damage. Coherent beam combining provides a promising approach to obviate this problem and thus to further scale up the power of a single optical beam by tens or hundreds of times without degrading the spectral purity and the beam quality [1] [2] [3] [4] . By definition, coherent beam combining (CBC) requires all the beams to have the same frequency and a stable relative phase. To achieve high combining efficiency and high beam quality, precise control of the relative phase, amplitude, polarization, and pointing of the beams are required [2] . Among all the factors affecting the combining efficiency, the relative phase remains the most critical and difficult to control. So far CBC has been implemented using common resonator [5] , evanescent-wave coupling, self-organizing [4] , injection locking [1] and active feedback [6, 7] mechanisms. In the active feedback approach, the variation of the differential optical path lengths of the combining beams is detected and fed back to a servo system which maintains a constant relative phase between the beams. In previously demonstrated work, the phase actuator of the servo system is either an optical phase modulator [1, 6] , a piezo fiber stretcher [8] ,or an acoustic optical modulator (AOM) [7] . In this paper we propose and demonstrate a novel approach to control the frequency and phase of the individual beams using multiple optical phase lock loops(OPLLs) [9] [10] [11] . In this approach, an array of semiconductor lasers is phaselocked to a common master laser using current injection heterodyne OPLLs. Once they are made mutually coherent they can be amplified using high power fiber gain units, and then coherently combined using either a filled-aperture or a tiledaperture implementation. In a heterodyne OPLL, the phase of the slave laser can be adjusted by the RF offset signal. Hence, instead of using an optical phase shifter, one can use an electric phase shifter or frequency shifter (such as a Voltage Controlled Oscillator) to compensate for variations in the optical path lengths of the combining beams.
Compared to previously demonstrated approaches using optical phase or frequency shifters, this approach enables a much cheaper, more compact, fully electronic servo system. Due to its well known current frequency-modulation(FM) property, a semiconductor laser(SCL) can act as a current controlled oscillator, and thus be phase-locked to a master laser using an OPLL [12] [13] [14] . A schematic diagram of a heterodyne OPLL is given in Fig. 1(a) . Offset by a RF signal, the frequency and phase difference between the master laser and the slave laser is detected by the phase detector. The phase error signal sin indicates that the slave laser tracks the frequency and phase of the master laser with a frequency and phase offset determined by the RF offset signal. If a number of SCLs are phase-locked to the same master laser and are offset by the same RF offset signal, all of them will possess the same frequency and phase and thus can be coherently combined. The loop performance and phase noise of an OPLL can be studied in the frequency domain with a linearized model based on the small signal perturbation approximation [15] , The phase noise of the master laser and the slave laser are contained in the variables m φ and , s fr φ . The phase noise of the RF source and the shot noise of the photodetector (PD)
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are neglected compared to the SCLs' phase noise.
Following the standard PLL analysis [15] , the differential phase error between the slave and the master lasers, and the phase of the locked slave laser are ( ) 
where ( We have recently conducted the locking experiment on various SCLs [11, 16] . Fig. 2 is a typical power spectrum of the beat signal between the master laser and the locked slave laser. Their frequency is offset by a 850MHz RF offset signal. From the spectrum we can calculate the RMS differential phase error ( ) 
where 0 e φ is the steady-state phase error given in Eq.
(1), n P is the noise power obtained by integrating the measured spectral density over the whole frequency range except the carrier frequency, and s P is the power of the 850MHz carrier signal. The calculated e φ σ is ~0.12 rad. The OPLLs have limited loop bandwidth(BW) due to the non-uniform FM response of SCLs and the loop delay [16] [17] [18] . This limited phase tracking BW results in a number of critical issues. First, it leads to the non-negligible residual phase noise between the master laser and the slave laser. Second, it limits the acquisition range (the maximal frequency difference between the free-running slave laser and the master laser for the OPLL to acquire lock) and the holding range (the maximal allowable frequency difference between the free-running slave laser and the master laser for the OPLL to stay in lock). In a first order PLL without any compensation filter, the holding range and acquisition range are simply
, which is a few MHz for our systems. The limited acquisition range makes it very difficult for the loop to acquire lock after being turned on. When the holding range is small, the frequency drifting of the SCLs due to thermal, acoustic and electric disturbance can constantly throw the loop out of lock. These issues become more challenging when an array of lasers is to be locked. Compensation circuits and filters are necessary to address these issues. τ τ [15, 19] . We first built a passive lag-lead filter ( Fig. 3(a) ) and it increased the holding range from ±10MHz to ±200MHz and the locking time from tens of seconds to one hour. However, any further increase of the factor 1 2 / τ τ is limited by the current driving capability of the RF mixer in the phase detector ( Fig. 1(a) ). We further designed an active lag-lead filter ( Fig. 3(b) ) which increased the holding range to more than ±3GHz. To increase the acquisition range, an aided acquisition circuit (AAC, Fig. 3 (c)) can be used. The AAC compares the frequency of the beat signal with the frequency of the RF offset signal, and generates a current ramp which brings the frequency of the beat signal to be As a proof-of-concept demonstration, we first phase-locked two slave lasers to the same master laser and coherently combined their outputs using a fiber directional coupler [11, 16] , as illustrated in Fig. 4 (a). The details of OPLL1 and OPLL2 are given in Fig. 1 (a) and thus not plotted here. We first conducted the experiment without a RF phase shifter feedback loop. The combined signal is measured and the data captured with an oscilloscope is shown in Fig. 4 (b). The slowly varying DC signal shows that the two beams are combined coherently, however their relative phase is drifting on the time scale of seconds due to the differential optical path length variations in the fiber. This slow phase variation needs to be corrected in real time to maintain a constant maximal combined output. This is typically done with an optical phase modulator, a piezo fiber stretcher or an AOM [6] [7] [8] . As indicated in Eq.
(1), the phase of the slave laser depends on that of the RF offset signal. Thus we can use a RF phase shifter to correct for the optical path length variation as shown by the dotted line in Fig. 4(a) . However a phase shifter has limited dynamic range and a complicated phase unwrapping circuit is needed to effective increase its dynamic range. Here we propose using a Voltage controlled oscillator as the RF phase shifter since it acts as a phase integrator and has infinite dynamic range. A rigorous analysis treating OPLL2 and the VCO loop as a coupled system is given in reference [20] . Here we adopt a simplified picture by decoupling the two control loops and studying them separately. This picture is valid when we limit the VCO loop BW to be much smaller than that of OPLL2. In this case we can assume OPLL2 always tracks the phase of the VCO instantly when the VCO loop is correcting for the optical path length variation. The analysis of OPLL2 is already given in Section I. In Fig. 5(a) , We observe the VCO loop is similar to a standard PLL except for that here the phase detector output is proportional to ( )
Following the standard PLL analysis [15] , the evolution equation of the VCO loop is given by ( )
1 cos
where , , ,
ω ω ω are respectively the frequency of the master laser, the RF signal generator, and the free-running
φ is the phase difference between the two slave laser beams and 1 φ is the residual phase noise of beam 1. In obtaining Eq. (7) we have used the equality
for the VCO output phase.
Differentiating Eq. (7) and setting the time derivatives of 1 φ and e φ equal to zero, we find the steady state phase error:
As long as φ on the system performance will be studied in more details in section 4. The system can again be linearized with a small signal perturbation about the steady-state point. We should note that this linearization is, strictly speaking, inaccurate because Eq. (7) is highly nonlinear close to the null point , 0
e s φ = .
However, a linear analysis is useful to obtain physical insight into the loop performance. A small signal linearized model is presented in Fig. 5(b) . 
Solving for ( )
In Eq. (10) we first observe that a nonzero , e s φ is needed to provide the small signal loop gain. Second, the residual phase noises from OPLL1 and OPLL2 are mostly concentrated at frequencies of a few MHz as indicated by the spectral shoulder in Fig. 2 . While the BW of the VCO loop is much smaller than MHz and hence doesn't affect the residual phase noise of OPLL1 and OPLL2. A typical high quality VCO has very low phase noise. The optical path length
φ is also at very low frequency (~Hz). The noise from these sources can be significantly suppressed by the VCO loop with a BW of ~100kHz. Therefore the residual phase noise of OPLL1 and OPLL2 will remain the main noise source of e φ .
We performed the CBC experiment depicted in Fig. 5 (a) using two 1064nm commercial SCLs. Fig. 5(c) shows the measured combined output. Compared to Fig. 4(b) , we see that the phase variation in the fiber is corrected and the combined power stays constant. From the data we calculate the CBC efficiency to be about 94%. The reduction of the CBC efficiency can be attributed mainly to the non-zero steady-state locking point of the VCO loop and the residual phase noise of the OPLLs. A systematic analysis of the CBC efficiency will be given in section 4.
Tiled-aperture CBC with OPLLs
The OPLLs technology can also be applied to the tiled-aperture CBC approach. Compared to the filled-aperture approach, the tiled-aperture approach is more tolerant to the failure of an individual laser and enables the possibility of electronic beam steering. Fig. 6 (a) plots the schematic diagram of the tiled-aperture CBC experiment utilizing OPLLs. The signals of the master laser and the slave lasers are expanded with fiber optical collimators and combined using a beam splitter of 0.25% reflectivity. Two free space photodetectors are used to detect the phase difference between the master laser and the slave lasers. The photocurrent is mixed with a RF offset signal, and the down-converted phase error signal is fed back to the slave laser to complete the loop. The two slave laser beams become coherent after they are phase locked to a common reference phase plane provided by the master laser beam with a common frequency and phase offset provided by the RF signal. In this heterodyne OPLL scheme, a RF phase shifter can be used to adjust the relative phase between the individual slave lasers. 99.75% of the slave lasers' signals are transmitted through the beam splitter and combined using a focus lens. An IR camera is placed at the focus plane to measure the intensity profile of the combined beam. In Fig. 6(b) -(f) we plot the measured intensity profiles of the individual beams, the incoherently combined beam and the coherently combined beam acquired by the IR camera. When the two slave lasers are both locked to the master laser with the same offset frequency, an interference fringe appears in the image (Fig. 2(d)-(e) ). In this case even when we disturb the fiber connecting the slave laser with the fiber collimator, the fringe is stable because the OPLL always locks the slave laser beam to the master laser beam at the plane of the photodetector. We also use a RF phase shifter to change the phase of an individual laser beam. In Fig. (2d) , the two beams are out of phase and a dark stripe is produced in the , a bright stripe is generated in the center and we essentially realize the beam steering electronically. In Fig. 6(c) we further plot the intensity profiles of the IR images along a horizontal section through the brightest point in the images. When the two beams are coherently combined, the intensity profile narrows and the peak value almost doubles. The Strehl ratio is about 0.9, which is limited by the polarization mismatch and the residual phase fluctuation between the two slave lasers. 
ANALYSIS OF THE COMBINING EFFICIENCY
The efficiency of combining a large number of beams will be degraded by various noise sources. The OPLLs used for the phase control will introduce noises such as the residual phase noise, intensity noise etc. In this section we want to analyze the scalability of the CBC system under the influence of the various sources of noise. In particular, we will consider the residual phase noise of the OPLLs, the non-zero steady-state phase error in the VCO loops, the intensity noise of the beams, and the phase noise added by the fiber amplifier. The effect of the phase noise on side by side tiledaperture implementation has been analyzed in reference [21] . Here we use a binary-tree filled-aperture scheme as the example in the analysis. In a filled-aperture CBC system, N mutually coherent beams can be combined at a beam splitter, or fiber-optic coupler. r stand for the Relative Intensity Noise (RIN) of beams 1 and 2, and φ represents the relative phase error between the two beams. In Eq. (11) we also assume the noises have zero mean and are small enough that higher order expansion terms can be ignored.
Effect of the OPLL residual phase noise
We first analyze the influence of the residual phase noise of OPLLs. We use ( ) 
The intensity is the square of the absolute value of the field. Normalizing the combined power by the total input power, we obtain the CBC efficiency 
As we can see, the combining efficiency converges to 
E.g, if we use N=8 and 95% η = , the RMS phase error has to be smaller than 0.24rad . In Fig. 2 the RMS phase error is as small as 0.12rad.
Effect of the non-zero steady-state phase error of the VCO loops
In section 2 we discussed the servo system using a VCO to correct for the optical path-length variations in fiber. We pointed out that a nonzero steady state phase error between the element beams is required to tolerate the frequency jitter of the VCO and to provide a non-zero small signal loop gain, thereby reducing the combining efficiency. In this section we evaluate the effect of this nonzero steady-state phase error on the combining efficiency of a filled-aperture combining system. We assume that the frequency jitter of the free-running VCO obeys Gaussian distribution with zero mean and rms value 
In the binary-tree cascaded filled-aperture scheme shown in Fig. 7(a) , a VCO loop is needed at each stage where two beams are combined. If any one of the VCO loops loses lock, the whole system is disrupted. If 2 n N = beams are to be combined, the number of VCO loops will be 2 1 n − and the probability that the whole system stays in lock is hence 
Now we take into account the fact that the system loses lock for sometime, the overall combining efficiency should be the product of lock P and lock η ( ) In Fig. 7(b) we plot the maximal combining efficiency as a function of the normalized frequency jitter in order to achieve a high combining efficiency while combining a large number of beams. In our proof-of-concept experiment with one VCO loop, the combining efficiency is around 94% and we estimate / v K ω σ to be about 0.03. To improve the combining efficiency, one solution is to reduce ω σ , i.e. use a "pure" tone VCO with a smaller frequency jitter. Another solution is to increase v K , which determines the VCO loop gain and is ultimately limited by the loop delay particularly if a fiber amplifier is to be used. This can be done by using a lag-lead filter similar to the filter design discussed in section 2.
Effect of intensity noise
The combining efficiency can also be degraded by intensity noise, as indicated in Eq. (11) . The free-running RIN of the laser is typically very small compared to the phase noise. However, when the slave laser is in the OPLL, the feedback current used to control the frequency and phase of the slave laser can add intensity noise. This added intensity noise can be estimated as follows. , and the added RIN in this case is more than two orders of magnitude smaller than the residual phase noise. Thus it is safe to neglect the effect of the intensity noise. To achieve an average power of above a kW, tens of thousands of SCLs need to be combined, which is very difficult to realize. A more practical option is to use the locked slave SCLs to seed tens of high power fiber amplifiers, whose output beams are then coherently combined. Since CBC is very sensitive to phase noise, the phase noise introduced by the fiber amplifiers needs to be examined.
Phase noise added by the fiber amplifier
Here we measure and compare the beat signal between the master laser and the slave laser with and without a fiber amplifier as shown in Fig. 8(a) . The fiber amplifier is a 1064 nm Nufern 3 W Yb-doped fiber amplifier. A balanced interferometer is used to remove the phase noise of the master laser [23] . Comparing the beat signal before and after the fiber amplifier, we don't see any additional phase noise added by the amplifier. In fact, the additive phase noise due to the ASE in the fiber amplifier is far below our measurement sensitivity and can be safely neglected compared to the other factors reducing the combining efficiency. While the amplifier does add a lot of thermal phase variation [7] , and picks up some acoustic noise, they are at very low frequency compared to the bandwidth of the VCO phase compensation loops and should be significantly suppressed by the VCO loops.
CONCLUSION
We have presented a detailed study of a control system using OPLLs to coherently combine optical beams. In the preliminary demonstration, we have successfully combined two commercial SCLs using both the filled-aperture approach and the tiled-aperture approach. A promising combining efficiency of 94% is achieved with the filled-aperture scheme. If the tiled-aperture scheme is to be used, the less-than-unity fill factor remains a critical issue [2] . If the filledaperture scheme is to be used, the loss caused by the phase error in the VCO loops scales up as ~log 2 N. This poses a serious challenge if N is very large. However, with single-mode fiber amplifier power reaching kilowatts, combining only tens of beams can scale the power up to more than 10kW or even 100kW. Using the filled-aperture scheme and the OPLLs described in this paper, our collaborators have achieved a single coherent beam of hundreds of Watts by combining four element beams.
